The site-selective occupation of point defects, Y 3+ ions (YA Zr ) and O 2¹ vacancies (V € O ), and their associations at a symmetric tilt grain boundary (GB) are studied to understand their competitive contribution to energetically favorable atomic arrangements by using atomistic simulations. It is found that at the GB there are the favorable sites for segregation of an isolated YA Zr and V € O . This indicates that the driving force for the site-selective segregation is present. Moreover, our results of YA Zr -V € O association at the GB show that the lattice energies are very dispersed despite that a second-nearest neighbor (SNN) vacancy to YA Zr is favored for bulk Y 2 O 3 -doped ZrO 2 . The result suggests that the siteselective segregation has significant effects on the favorable point defect arrangement at the GB core, competing with the point defect associations. For more realistic cases, Monte Carlo simulations are performed to reveal favorable atomic arrangements for a high dopant concentration, where point defects are crowded at the GB. The results show that the region of GB segregation can be classified with respect to O 2¹ coordination to cation species; at the GB core the favorable configuration is not necessarily a SNN O 2¹ vacancy relative to Y 3+ . On the other hand, eight-fold O 2¹ coordination is sustained for Y 3+ ions more than ³3 ¡ distant from the GB plane. The difference in O 2¹ coordination may play an important role in O 2¹ ionic conductivity at GBs via the energetics for O 2¹ migration. [
Introduction
Impurity-doped zirconia (ZrO 2 ) ceramics are suitable for numerous applications due to its various materials properties, as well as high-temperature mechanical and chemical stability. An important application impurity-doped ZrO 2 is a high oxygen-ion conductor that has particularly been expected as electrolytes in solid oxide fuel cells. 13) In general, M 2+ or M 3+ cations with larger ionic radii than Zr 4+ is introduced as substitutional point defect, and consequently charge-compensating O 2¹ vacancies are created for maintaining charge neutrality. Using Kröger-Vink notation the substitutional cation defect and anion vacancy are described as MA Zr and V € O for trivalent cations, respectively. A dopant concentration of approximately ³10 mol% is required to fully stabilize to the cubic fluorite structure. Needless to say, vacancy concentration is key to achieve high ionic conductivity and the number of oxygen vacancies increases linearly with dopant concentration.
However, for doped ZrO 2 the ionic conductivity · is not proportional to vacancy concentration; · exhibits a maximum at a certain dopant concentration of 810 mol% and decreases drastically at higher dopant concentrations above ³10 mol%. 47) According to previous studies, the dependence of · on dopant concentration is ascribed to interactions between foreign point defects: cation-vacancy interactions 810, 1216) and vacancy-vacancy interactions. 12, 1720) Occurrence of cation-vacancy association were reported, 8, 9) and X-ray absorption analyses 10, 11) showed that O 2¹ vacancies are located at second-nearest sites relative to Y 3+ ions and 8-fold oxygen coordination relative to Y 3+ ions is maintained for Y 2 O 3 -doped ZrO 2 . Previous atomistic simulations showed that a second-nearest O 2¹ vacancy is energetically preferred for oversized M 3+ ions 1215) and an energy barrier for O 2¹ migration can be affected by the combination of cations surrounding the pathway of O 2¹ diffusion. 1416) Meanwhile, other previous studies suggested that vacancy-vacancy interactions have critical effects on vacancy configurations and O 2¹ migration. 12, 1720) The ordered alignment of O 2¹ vacancies along ©111ª directions were identified. 17) Molecular dynamics simulations 1820) suggested that vacancy-vacancy interactions are more dominant in · than cation-vacancy interactions. Although the effect of point defects interactions on · is not yet fully understood, these studies indicate the importance of understanding the spatial relationship between point defects.
On the other hand, polycrystalline doped ZrO 2 ceramics, rather than single crystals, are generally used in practical applications and grain boundaries (GBs) are inevitably contained. It is well-known that GBs contribute negatively to the total · of polycrystalline materials. 2125) In earlier studies, the negative impact of GBs on · had been ascribed to impurities such as SiO 2 and Al 2 O 3 for sintering aid. However, several previous studies with highly pure specimens 2325) and more recently high-purity bicrystals 26, 27) reported that GB conductivity is approximately 25 orders of magnitude lower than bulk conductivity. These results indicate that the impacts of GBs on · are intrinsic effects caused by GB structure itself and/or grain boundary segregation (GBS) of dopants and O 2¹ vacancies at GBs. In general, changes in crystal structure and chemical composition induced by GB and GBS are confined to within a few nanometers at most, and thus understanding the intrinsic effects in the atomic level is needed to reveal the relationship between GB and GBS and ·.
Experimental observations with transmission electron microscopy (TEM), scanning TEM (STEM) and highresolution TEM (HRTEM) have verified previously unclear GB structures at the atomic level. 2832) Dickey et al. 28) and Lei et al. 29) predicted the GB core structures of symmetric tilt GBs in Y 2 O 3 -stabilized ZrO 2 bicrystals. Shibata et al. 3032) determined cation configurations at several symmetric tilt GBs and related the number of coordination-deficient cation sites to the Y 3+ segregation level. These studies indicate that GB core regions exhibit different cation arrangements from the intergrain although it is still challenging to identify experimentally precise positions of dopants and O 2¹ vacancies.
In order to reveal detail spatial positions of point defects at GBs and the energetic of GBS, several atomistic analyses have also been performed. 3338) Mao et al. 35) and Marinopoulos 36) showed that the segregation driving force for an isolated dopant strongly depends on individual sites at a GB. Oyama et al. 33) and Yoshiya et al. 34) showed that a dopant-vacancy pair at a GB is more energetically favorable than an isolated dopant or vacancy. Lee et al. 37) showed that there are several sites occupied by Y 3+ ions at a GB and O 2¹ vacancies also segregate at the GB for a high dopant concentration. More recently, our atomistic study showed that enriched M 3+ ions and O 2¹ vacancies at a GB are nonrandomly distributed within approximately 0.6 nm of the GB plane. 38) From these studies, there is the high possibility that energetically preferred configurations of point defects are affected by their mutual interactions, as well as interactions between point defects and GBs. To the best knowledge of the author, however, there is no study that focuses on point defect interactions and their spatial relationship at GBs despite of a number of previous studies for their interactions in bulk. So far, it remains unclear whether point defects configurations at GBs are determined in the same manner for bulk. As discussed later, not only point defect interactions but also GB-and GBS-related factors can affect significantly the energetically favorable atomic arrangement.
In this study, we perform atomistic analyses to examine the following three factors: (1) site-selective occupation of point defects at a GB, (2) enrichment of them at the GB and (3) point defect interactions. We examine Y 2 O 3 -doped ZrO 2 that have been the most widely studied in all trivalent cations due to practical applications. The present paper focuses mainly on cation-vacancy interactions since there are several experimental and theoretical studies for bulk Y 2 O 3 -doped ZrO 2 mentioned above and thus it is possible to compare our results with previous studies. Fig. 1 . In the undoped case the computational cell has 472 Zr 4+ ions and 944 O 2¹ ions. The cell size is 97 © ¡ 8 © ¡ 21 ¡ in length and the x axis is the longest perpendicular to the GB planes. A separation of the GB planes introduced periodically is sufficient enough (³48.5 ¡) that the separation does not affect the trend of favorable positions for point defects. The A and B sites in Fig. 1 are half-filled since the full-filled columns exhibit large energy penalty, which has been validated in our previous studies. 33, 34, 38) To reveal effects of the GB on energetically favorable configurations, particularly the relative position between YA Zr and V € O , we examine the following three cases: (3) crowded point defects at the GB for high dopant concentrations. In this study, we define "dilute" dopant concentration as the first and second cases. The first one is that either of one YA Zr or one V € O is introduced into the computational cell at a time to examine site-selective occupation at the GB. For the second case we introduce ðYA Zr À V € O Þ • into the computational cell and examine how the GB affect the preferred relative position between YA Zr and V € O . For this purpose, the YA Zr position is fixed and a V € O is located as second-nearest neighbor (SNN) vacancy to the YA Zr . The calculation is performed varying the distance between the YA Zr and the GB plane. For more realistic cases, we examine the favorable configurations of ð2YA Zr À V € O Þ Â and 2ð2YA Zr À V € O Þ Â . However, there are a large number of the combination of arrangement for two (four) YA Zr and one (two) V € O and it is difficult for computational time to calculate all combinations. Therefore, we carry out Monte Carlo (MC) simulations based on Metropolis algorithm 39) to obtain minimum-energy configuration at the GB. Detail descriptions are given elsewhere. 34, 38) In the calculations, no constraint is imposed with respect to the positions of point defects and thus they are allowed to move for minimizing the total lattice energy. The third is that for a high dopant concentration 42 Y 3+ ions and 21 O 2¹ vacancies are introduced, and their favorable arrangements are obtained by MC simulations. Based on the result, O 2¹ coordination environments to cation species at the GB are examined to understand the contributions of the local structural change to the favorable atomic arrangement.
Computational Methodology
The energy of a system is evaluated by static lattice methods implemented in the GULP code. 41) Total lattice energy E total is given by the sum of short-range interaction energy E short and long-range interaction energy E Coulomb . E short is evaluated by using the Buckingham-type potential with empirical parameters. Table 1 lists the parameters for the cubic fluorite structure. 40) Although the monoclinic and the tetragonal crystal structure cannot be reproduced, previous studies 33, 34, 37, 38) confirmed that the cation arrangement at the symmetric tilt GB agrees with experimental observations. 2830) The energy cutoff for E short is set to 20 ¡ for optimizing crystal structures and 15 ¡ for MC simulations. To understand the site dependence of segregation energetics, Fig. 1 (a we evaluate the driving force for GBS, ÁE GBS dilute , expressed as
where E(r) is the total lattice energy as a function of distance between a point defect and the GB plane, r, and E(¨) is the reference energy for which a point defect is infinite distant from the GB. We assume that E(¨) equals the total lattice energy when a point defect is located as the midpoint between two GBs in the computational cell.
Results and Discussion

Site-dependent occupation of isolated point defect
First of all, we evaluate ÁE GBS dilute for an isolated point defect to show the dependence of ÁE GBS dilute on the sites near the GB plane. Under this condition, point defect interactions are absent. Figure 2 shows ÁE GBS dilute as a function of twodimensional location of YA Zr (Fig. 2(a) ) and V € O (Fig. 2(b) ). This figure indicates that ÁE GBS dilute decreases with the decrease in distance between a point defect and the GB for both YA Zr and V € O , although for V € O the trend is much clearer than YA Zr . The energy deviation at the GB from that in the grain interior is confined to the region within ³1012 ¡ on either side of the GB plane and ÁE GBS dilute is in the range within ¹1.01.0 eV for YA Zr and ¹1.30.5 eV for V € O . These trends, including the quantitative value of ÁE GBS dilute , is in agreement with previous studies. 3336) For YA Zr , there are both the energetically favorable and unfavorable sites at the GB (Fig. 2(a) ). For example, the Csite occupation exhibits the largest positive value of ÁE GBS dilute and thus the C site is energetically unfavorable. On the other hand, the D-site occupation exhibits the minimum and the D site is the most energetically favorable for minimization of the total lattice energy. Therefore, we can conclude that YA Zr tends to occupy selectively the cation sites at the GB, rather than randomly distribute, even for an isolated YA Zr . It is noted that the A site is not a favorable site for a dilute segregation level while is a favorable site for a high segregation level. The different trend V € O also tends to segregate at the GB as shown in Fig. 2(b) . There are several energetically favorable sites for V € O segregation and V € O occupy preferentially the most of anion sites within ³5 ¡ of the GB plane. Although this trend may not be called as "site-selective occupation", we conclude that an isolated V € O also has the significant driving force for segregation at the GB. The reason that there are several segregation sites for V € O may be related to O 2¹ displacement. In the undoped model ( Fig. 1(b) ), for example, the O 2¹ positions at the GB deviate from those in the grain interior compared with the cations. This implies that O 2¹ ions are energetically allowed to displace during energy mini-mization. Therefore, the energy penalty generated by V € O can be relieved by O 2¹ displacement at the GB to lower E total .
Dilute-concentration defect arrangement at grain
boundary In this section, we discuss how favorable atomic arrangements at the GB are affected by the competition between siteselective segregation and point defect association. This study focuses on three cases for defect associates:
dilute as a function of distance between YA Zr and the GB is shown in Fig. 3 . V € O is assumed to be located at a SNN oxygen site to YA Zr . This geometric relation is based on that in the grain interior. A negative value indicates that the position of ðYA Zr À V € O Þ • is more favorable than in the grain interior for E total . There is a trend that ÁE GBS dilute decreases with decrease in distance. However, the values are very dispersed as the distance decreases, particularly in the vicinity of the GB, despite that V € O is located at a SNN site to YA Zr for all calculations. At the same distance, a certain SNN vacancy exhibits the lowest value of ÁE GBS dilute in the other SNN ones. The considerable variation in ÁE GBS dilute suggests that at the SNN O 2¹ sites relative to YA Zr at the GB is energetically inequivalent and their energetics depends strongly on the local atomic arrangement of the GB. Therefore, there is the high possibility that point defects occupy selectively specific sites at the GB sustaining the SNN position between V € O and YA Zr .
In order to understand the effect of doping level on favorable atomic arrangements, MC simulations are performed for ðYA Zr À V € O Þ • , ð2YA Zr À V € O Þ Â and 2ð2YA Zr À V € O Þ Â . In MC simulations, there is no constraint on the geometric position of point defects and they are allowed to interchange with Zr 4+ and O 2¹ ions to lower E total . The results for three cases are shown in Fig. 4 . and the YA Zr -V € O distances are listed in Table 2 . The configurations and distances were obtained from the atomic arrangements before relaxing structures since structural optimization causes large distortion of the O 2¹ columns and thus it is difficult to specify the precise positions for V € O . For ðYA Zr À V € O Þ • (Fig. 4(a) ), the YA Zr occupies the A site that is by 2 ¡ distant from the GB plane. The site corresponds to the B site in Fig. 2 and the A site in Fig. 3 . This indicates that YA Zr occupy dominantly the specific cation site that is the same site as the case of an isolated YA Zr . The YA Zr -V € O distance is 4.02 ¡ close to that in the grain interior (4.24 ¡). The geometric relation between the YA Zr and V € O suggests that the favorable configuration for the grain interior also have a critical effect on determining the favorable atomic arrangement at the GB. However, the SNN V € O exhibits the lowest value for ÁE GBS dilute in the other SNN V € O and is energetically inequivalent with the other ones. Therefore, V € O segregation is also affected by the local GB structure and exhibit the siteselective trend. For ð2YA Zr À V € O Þ Â (Fig. 4(b) ), the SNN relation is violated by the other YA Zr . The dopant occupy the C site that is favorable for an isolated YA Zr . The dopant-V € O distance is 7.25 ¡ longer than the Y 2 -V 1 distance. Based on the result of an isolated YA Zr , the violation indicates that the driving force for Y 3+ segregation at the C site is more dominant than that for point defect association to the SNN relation. Figure 4 (c) shows the favorable atomic arrangement for 2ð2YA Zr À V € O Þ Â . Several segregation sites are the same as ðYA Zr À V € O Þ • and ð2YA Zr À V € O Þ Â , but new segregation sites (the C and D sites) appear. This result indicates that the new segregation sites are created due to the increase in doping level. The increase in the number of point defects may be related to large displacement of ions distinct from that in the intergrain. As is listed in Table 1 , the variation in YA Zr -V € O distance becomes much clear; although the SNN position is partly sustained, there are various YA Zr -V € O distances both longer and shorter than the SNN distance. Therefore, it is concluded that the SNN relationship between YA Zr and V € O are modified significantly by site-selective occupation of point defects as doping levels increase. At higher doping levels, the change in geometric relation between point defects at the GB core becomes more significant as is discussed below.
High-concentration defect arrangement at grain
boundary In Sec. 3.1 and 3.2, we discussed the cases of dilute doping levels. However, in more realistic cases, dopant concentrations are rather high (810 mol%Y 2 O 3 ) and point defects are expected to concentrate in the GB. Therefore, in order to understand point defect structures for high doping levels, we perform MC simulations, where 42 Y 3+ ions 21 O 2¹ vacancies are introduced. At the doping level, point defects occupy all energetically favorable sites at the GB, particularly the GB core, and are saturated. Additional point defects do not affect the GB atomic configuration. The obtained atomic arrangement within 10 ¡ of the GB is displayed in Fig. 5 . The cation column positions agree with previous studies. 28, 33, 34) Since detail analyses have been carried out in our previous studies, 38) the main feature is mentioned briefly. The result indicates that the favorable atomic configuration is very different from random distribution with enrichment alone; Y 3+ ions occupy the A sites while do not occupy at the B and C sites. The result indicates that there are several specific cation sites at the GB core and Y 3+ ions occupy selectively these sites to lower the total lattice energy. The other Y 3+ -segregation sites also have a trend that Y 3+ occupy the half sites at the cation column in the [001] direction. Figures 5(b)(d) show the two-dimensional Y 3+ , Zr 4+ and O 2¹ distributions, respectively. The intensity of the O 2¹ distribution is weak at the GB, which indicates that GBS of O 2¹ vacancies also occur. In addition, O 2¹ vacancies also occupy the specific anion sites, rather than random distribution, particularly at the GB core. For instance, the O 2¹ intensity at the A and B columns ( Fig. 5(d) ) is much weaker than those at the other columns. Based on the atomic arrangement in Fig. 5 On the other hand, at the outside region CN YO is entirely 8 while CN ZrO decreases to 7. In addition, 7-fold coordinated Zr 4+ and 8-fold coordinated Y 3+ are located at the same columns along the [001] direction. At the outside region, therefore, O 2¹ vacancies are located at the FNN sites relative to Zr 4+ ions and at the SNN sites relative to Y 3+ ions at the same time. The trend in vacancy-cation geometric position is similar to that in intergrain reported in previous studies. 10, 13) Therefore, it is concluded that at the outside region interactions between Y 3+ and O 2¹ vacancy have significant effects on their favorable configurations.
Conclusions
To reveal the competitive effect between site-selective segregation and association of YA Zr and V € O vacancies on their configurations at GBs, local atomic arrangements at a tilt symmetric GB inY 2 O 3 -doped ZrO 2 have been evaluated using atomistic analyses. Three cases were addressed: an isolated point defect, ðYA Zr À V € O Þ • pairs, and high-concentration atomic arrangements. Consequently, we reach the following conclusions: (1) Several favorable and unfavorable sites is present at the GB for both YA Zr and V € O , which agrees with previous studies, indicating that the driving force for site-selective occupation exists. (2) For ðYA Zr À V € O Þ • , ÁE GBS dilute is very dispersed at the GB despite that V € O is located at a SNN site to YA Zr , which is favorable in the grain interior for Y 2 O 3 -doped ZrO 2 . A certain SNN vacancy is more favorable than the other SNN ones. The difference in ÁE GBS dilute between anion sites lead to site-selective segregation. (3) For high dopant concentrations, at the GB core the O 2¹ coordination number is around 6 to 7 for both Y 3+ and Zr 4+ . This indicates that site-selective segregation is more dominant in the favorable atomic arrangement than point defect association, whereas O 2¹ ions are located as 8-fold coordination for Y 3+ and 7-fold coordination for Zr 4+ at the region more than 3 ¡ distant from the GB. Thus, point defect association is dominant on determining the favorable atomic arrangement at the region. The low coordination environment at the GB core indicates that the binding energy between the GB and point defects is greater than that between point defects. The effect at the GB core would affect the energetics of O 2¹ migration for polycrystalline Y 2 O 3 -doped ZrO 2 .
